The bacterial transposon Tn7 encodes five transposition genes tnsABCDE. We report a simple and rapid procedure for the purification of TnsC protein. We show that purified TnsC is active in and required for Tn7 transposition in a cell-free recombination system. This finding demonstrates that TnsC participates directly in Tn7 transposition and explains the requirement for tnsC function in Tn7 transposition. We have found that TnsC binds adenine nucleotides and is thus a likely site of action of the essential ATP cofactor in Tn7 transposition. We also report that TnsC binds non-specifically to DNA in the presence of ATP or the generally non-hydrolyzable analogues AMP-PNP and ATP-,y-S, and that TnsC displays little affinity for DNA in the presence of ADP. We speculate that TnsC plays a central role in the selection of target DNA during Tn7 transposition.
INTRODUCTION
Transposons are discrete DNA segments that can move from one genetic location to another. Most elements transpose at low frequency and insert at many different sites (see 1 for review). The bacterial transposon Tn7 (2; see 3,4 for review) is remarkable in its ability to transpose at high frequency to a specific site. This specific target site is present in the chromosomes of many bacteria and in Escherichia coli is called attTn7 (5 ,6) . When attTn7 is unavailable, Tn7 transposes at low frequency to other target sites. Another interesting feature of Tn7 is that it encodes an elaborate array of transposition genes, tnsABCDE, that mediate two distinct but overlapping transposition pathways (7, 8, 9) . tnsABC + tnsD promote high-frequency insertion into attTn7 and low-frequency insertion into pseudo-attTn7 sites whereas tnsABC + tnsE promote low-frequency insertion into many different sites that are unrelated to attTn7 and to each other.
What are the roles of the Tns proteins? Identification of the proteins that participate directly in recombination and elucidation of the steps underlying the transfer of DNA strands from one site to another demands a biochemical approach. Biochemical dissection of many transposition reactions has been hampered by the fact that recombination occurs at low frequency. By contrast, the ability of Tn7 to transpose at high frequency to a specific site has facilitated the development of an efficient cellfree system for Tn7 transposition (10) . In this system, Tn7 translocates from a donor DNA molecule to a target DNA molecule containing attTn7 upon incubation of exogenous DNA substrates with ATP and four protein fractions; each fraction is derived from a strain containing one of the tns genes required for in vivo transposition to attTn7. We show here that purified TnsC protein can replace the fraction from cells containing tnsC extract in the cell-free Tn7 transposition system. This finding demonstrates that TnsC protein participates directly in Tn7 recombination. We also show that TnsC is an ATP-dependent DNA binding protein, suggesting that it interacts directly with a DNA substrate during recombination and likely mediates the role of ATP which is an essential cofactor for transposition.
MATERIALS AND METHODS

Plasmids
The TnsC expression plasmid pPA101 was constructed by inserting a NcoI-HindLH tnsC fragment, obtained from a plasmid similar to pKAO53 (11) after partial digestion with HindLH, between the NcoI and HindII sites of pGD108 (12) . In this construction, the proposed tnsC initation ATG (11, 13, 14) has been modified to include an NcoI site. DNAs containing Tn7 transposition sequences (pEM, which is a donor plasmid containing a miniTn7 element, and pKAO4-3, which is an atTn7 target plasmid) are described in detail in Bainton et al (10) . Bluescript pKS+ (Stratagene) was used as DNA lacking Tn7 transposition sequences.
Bacteria
TnsC was purified from an E. coli strain defective in proteolysis, CAG456 (lacZm trpam phoam supCt rpsL htpRI65; 15), carrying the pPA1O1 tnsC plasmid. Strains containing the other tns genes from which the tns fractions used for Tn7 transposition in vitro are prepared are described in Bainton et al (10) .
Purification of TnsC
Unless indicated, all steps were performed at 4°C. Fractions were frozen in liquid nitrogen and stored at -80°C.
Cell Growth. Cells were grown at 30°C in a 200 liter fermentor in LB broth (16) supplemented with 100 yg/ml carbenicillin. At OD 600 = 0.4, IPTG was added to 100 #M. Growth was continued for an additional 2 hours, the cells harvested by centrifugation, the cell paste was frozen in liquid nitrogen and stored at -80°C.
Cell Lysis and Preparation ofFraction L. 2 ml/gm cells of buffer A (50 mM Hepes pH 7.5, 1 mM EDTA, 100 mM NaCl) was added to 5 gm of cell paste and the mixture thawed at room temperature. Lysozyme was added to 300 ,g/ml, the suspension incubated for 20 minutes on ice, frozen with liquid nitrogen, thawed for about 4 min at 30°C and then subjected to sonication. The resulting lysate was centrifuged for 30 min at 4°C in an SW60 rotor at 40,000 rpm. The clear portion of the resulting supernatant was collected and supplemented with ATP to 1 mM to form Fraction I. This procedure yields about 50-60 mg soluble protein per gm cells.
Polyethylenimine and Ammonium Sulfate Precipitations. The protein concentration of Fraction I was adjusted to 20 mg/ml with buffer A + 1 mM ATP. Polyethylenimine (Sigma; adjusted to pH 7.5 with HCI) was added to 0.8%, the mixture incubated for 10 minutes, centrifuged for 10 minutes at 10,000 rpm in a JS-13 rotor, and the supematant collected. Ammonium sulfate was added (176 mg/ml) with stirring over 20 minutes, the mixture incubated an additional 30 min and the resulting pellet collected by centrifugation (20 min at 8000 rpm in a JS-13 rotor). The pellet was washed with 3 ml buffer A + 1 mM ATP to which 176 mg/ml ammonium sulfate was added and collected after centrifugation for 3 min in the same rotor. The pellet was resuspended with 3 ml buffer B (25 mM Hepes pH 7.5, 2.5 mM DTT, 0.1 mM EDTA, 1 mM ATP, 10 mM CHAPS < Sigma >, 10% (v/v) glycerol) + 1.0 M NaCl, incubated for 20 min on ice and aggregates removed by centrifugation (10 min at 10,000 rpm in a JS-13 rotor). The resulting supernatant is Fraction H.
Low-salt Protein Precipitation. The concentration of Fraction II was adjusted to 150-180 ug/ml with buffer B, then dialyzed for 90 min against (at least) 100 vol buffer C (25 mEf Hepes pH 7.5, 2.5 mM DTT, 0.1 mM EDTA, 100 /M ATP, 1 mM CHAPS, 10% (v/v) glycerol) + 0.3 M NaCl and then for 3 hr against 100 vol buffer C + 0.1 M NaCl. Precipitated protein was collected by centrifugation (10 min at 10,000 rpm in a JS-13 rotor), rinsed with buffer C + 0.1 M NaCl, recentrifuged and dissolved in buffer C + 1.0 M NaCl + 10 mM MgCl2. After incubation for 20 min, aggregates were removed by centrifugation (10 min at 10,000 rpm in a JS-13 rotor) and the resulting supernatant saved as Fraction Im. Amino-terminal sequencing of the membrane bound-protein was performed by the Biomolecular Resource Center, UCSF. Figure 2 and Table 1 , reactions also contained 3.5 mM NaCl, 56 mM KCI and 0.02 mM CHAPS. For the experiments shown in Figure 3 , reactions also contained 24.5 mM NaCl, 36 mM KCl and 0.3% (w/v) sucrose. 4 tAl of 375 mM MgAc was added after the other components were mixed and incubated at 30°C for 7 minutes; after MgAc addition, the incubation was continued at 30°C for an additional 30 minutes. Reactions were stopped by the addition of 400 yl of 10 mM Tris.HCl pH 7.4, 5 mM EDTA, 100 mM KCl and 6 M urea. As described in Bainton et al (10) , DNA was recovered by spermine precipitation, an aliquot of the recovered DNA digested with EcoRI, electrophoresed through an agarose gel, electro-transfered to Nytran and detected by Southern hybridization using as a probe a fragment specific to the miniTn7 element. Reaction products were quantified by tracing of autoradiograms with a LKB Ultroscan XL laser densitometer.
ATP Crosslinking
To reduce the amount of endogenous ATP in the TnsC fractions to be analyzed, Fraction mI was prepared in a slightly different way: the protein pellet resulting from the low-salt dialysis of Fraction II was resuspended in Buffer B -ATP + 1.0 M NaCl + 10 mM MgCl2. 1.0 yd of this fraction (about 0.45 lig TnsC) was added to 9 1l of reaction buffer (25 mM Hepes pH 7.5, 2 mM DTT, 200 mM NaCl, 1 mM MgCl2, 8% sucrose and 0.25 ItM (x-32P ATP <400 Ci/mmol; 10 IuCi> in a microtiter plate well and then incubated for 10 min at room temperature. The mixture was then UV irradiated in a Stratalinker (Stratagene); the optimal dose for crosslinking ATP to TnsC was observed to be about the same as that recommended by the manufacturer for DNA crosslinking to a nylon membrane (0.12 J). 2.5 Al of SDS-PAGE sample buffer was added, then the mixture boiled for 5 minutes and separated by SDS-PAGE. Following staining, the gel was dried and autoradiographed. 
Protein Analysis
Protein concentration was determined using the Bio-Rad Protein Assay with BSA as a standard. SDS-PAGE using 12.5% gels was performed by the method of Laemmli (17) . Proteins were detected either by staining with Coomassie Blue R-250, which was sometimes followed by staining with silver, or by Western analysis using affinity-purified anti-TnsC antibodies (11) .
RESULTS
Purification of TnsC
Our source of TnsC protein for purification was an E. coli strain containing an expression plasmid (pPA1O1) in which the proposed tnsC initiation codon (11, 13, 14) is fused to a heterologous ribosome binding site located a few nucleotides downstream of the stop codon of a small, highly-expressed, IPTG-inducible polypeptide. This construction was designed to promote highlevel TnsC expression through translational coupling to the upstream open reading frame (12) . When this plasmid is expressed in an htpR-strain, which is defective in proteolysis (15) , TnsC, a 58 kd polypeptide (11), is evident and is present as about 15 % of total cell protein (data not shown). Most of the TnsC protein in the htpR-strain is found in aggregates ('inclusion bodies') that can be pelleted from cell lysates by lowspeed centrifugation. In such a cleared cell lysate, soluble TnsC is about 2.5 % of total protein (Figure 1 , lane 2) and can easily be detected by Coomassie Blue staining after SDS-PAGE. The cleared cell lysate was highly active in Tn7 transposition in vitro (see below). We were unable to recover active TnsC from the inclusion bodies using a variety of procedures. Purification of TnsC from the cleared cell lysate was monitored by following the TnsC polypeptide as visualized by Coomassie Blue staining or Western analysis after SDS-PAGE (Figure 1) , and by evaluating tnsC-dependent activity in the cell-free Tn7 transposition system (see below). We have exploited the fact that TnsC readily precipitates in low-salt solutions to design a rapid and simple purification procedure. A typical purification is described in Table 1 and Figure 1 . Preparation of at least 0.25 mg of highly (greater than 98%) purified TnsC from 5 g of cells can be readily accomplished in less than 15 hrs.
Following thawing of a washed cell paste, cells are lysed by incubation with lysozyme, followed by another cycle of freezing and thawing and then by sonication. The resulting lysate is clarified by a high-speed centrifugation. ATP is added to this material and is present in all other TnsC fractions (see below). The cleared cell lysate is Fraction I. Nucleic acids and some proteins are removed from the supernatant by polyethylenimine (PEI) precipitation and centrifugation. (Although a substantial fraction, approximately 75 %, of the TnsC also precipitates with the PEI and is thus lost, this step is useful as it removes contaminants that are otherwise difficult to separate from the remainder of the TnsC). TnsC is then precipitated from the resulting supernatant by the addition of ammonium sulfate (AS) to 30% saturation, collected by centrifugation and the resulting pellet solubilized with high-salt (1.0 M NaCl) buffer which also contains the non-denaturing detergent CHAPS to give Fraction II. The principal purification of TnsC occurs at this step. Fraction II is then dialyzed against low-salt (0.1 M NaCi) buffer which results in the selective precipitation of TnsC, which is then resolubilized in high salt (> 0.5 M NaCi) buffer to yield Fraction HI. In Fraction Im, TnsC is approximately 95% pure; no nuclease or topoisomerase activity was evident with thiis material using a variety of DNA substrates (see Materiaals and Methods). The majority of the remaining contaminants in Figure Ell can be removed by passage over an ion exchange column (Biorex-70);
TnsC (Fraction IV) is found in the flow-through.
Both ATP and MgCl2 have considerable effects on the solubility of TnsC. In the presence of ATP, the resolubilization of TnsC to produce Fractions II and HI is much improved. Also, the presence of ATP appears to stabilize the activity of purified TnsC (data not shown). When 10 mM MgCl2 is present in the low-salt dialysis buffer for the preparation of Fraction HI, no precipitation of TnsC is observed. We imagine that TnsC adopts different conformations resulting in different properties in the presence of these various cofactors (see also below).
The sequence of the amino terminus of purified TnsC was determined to be: X-Gly-Ala-Thr-Arg-lle-Gln-Ala. This sequence is as expected for inserting the proposed inmC ATG (11, 13, 14) into the expression vector. It should be noted that, because of the expression vector used, the second amino acid of the TnsC protein we have purified is different than that encoded by wildtype tnsC (Ser to Gly). This change does not detectably affect the activity of TnsC in Tn7 transposition in vit (data not shown).
The apparent molecular weight of TnsC as determined by SDS-PAGE is 58 kDa (Figure 1 significantly different from the value of 63 kDa predicted from the proposed amino acid sequence of TnsC (14) . TnsC behaves as a monomer when sedimented in a sucrose gradient in 0.3 M NaCl (data not shown); these ionic conditions are somewhat different from those for in vitro transposition and other assays.
TnsC participates directly in Tn7 transposition
We monitored the activity of TnsC fractions during purification by examining their ability to stimulate Tn7 transposition in vitro.
We have developed a cell-free Tn7 transposition system (10 are generated during Tn7 transposition in vitro (Figure 2) . The most prominent new species is the transposition product, a simple insertion of the transposon into attTn7. Also evident are recombination intermediates which include donor molecules cut by a double strand break at either end of the transposon (DSB.L and DSB.R) and an excised transposon. Figure 2 shows transposition in the presence of different amounts of various TnsC fractions. No transposition intermediates or products are detected in the absence of TnsC (lane 1). By contrast, efficient recombination is observed with various TnsC fractions, including highly purified TnsC (Fraction IV) (lanes 6, 11, 14) . It is notable that the specific activity of TnsC itself, i.e. the amount of transposition promoted by a defined amount of TnsC polypeptide, was identical with either TnsC crude lysate (Fraction I-lanes 2-6) or highly purified TnsC (Fraction IV-lanes [12] [13] [14] ; thus the ability to provide mnsC-dependent transposition activity copurfied with TnsC (Table 1) . Moreover, transposition activity also cosedimented with TnsC on a sucrose gradient (Figure 3 , TnsC is an ATP binding protein Tn7 transposition in vitro requires ATP (10) . We suspected that TnsC might interact with ATP because a Type A nucleotide binding domain is present in the predicted amino acid sequence of TnsC (13, 14) . Also, as noted above, we observe differences in the behavior of TnsC in the presence and absence of ATP. We demonstrated directly that TnsC does bind ATP by UV crosslinking experiments (18, 19) .
We incubated purified TnsC (Fraction I) with a-32P-ATP, irradiated this mixture with UV, separated the mixture by SDS-PAGE and examined the distribution of protein by Coomassie Blue staining and nucleotide by autoradiography ( Figure 4 ). TnsC was efficiently labeled with ATP (lane 1). No labeling was observed in the absence of irradiation (data not shown), no other ATP binding proteins were detected in the TnsC fraction nor was labeling of control protin (BSA and TnsBlanes 11 and 12) observed even upon longer exposure (data not shown). Thus TnsC is specifically recognized by ATP. Incubation mixtures included 1 mM MgCl2 but ATP binding could also occur in the presence of 10 mM MgCl2; ATP binding was reduced but not abolished by the presence of 10 mM EDTA (data not shown).
We also examined ATP binding to TnsC as detected by crosslinkng of radioactively-labeled ATP in the presence of an 80-fold molar excess of other unlabeled nucleotides (Figure 4 ). ATP binding to TnsC was markedly decreased in the presence of adenine nucleotides including ATP, ADP, AMP, AMP-PNP, ATP-,y-S and dATP (lanes 2-7) ; a modest diminution of ATP binding was observed in the presence of dGTP (lane 9) but ATP binding to TnsC was insensitive to the presence of dTTP (lane 8) and dCTP (lane 10). Thus TnsC interacts specifically with adenine nucleotides.
TnsC is a non-specific DNA binding protein We also asked if TnsC can bind to DNA. We incubated TnsC (Fraction HI) with radioactively-labeled linear DNA, passed the mixtre through a nitrocellulose filter and measured the retained radioactivity to evaluate protein-DNA binding. Although little DNA retention was observed in the absence of adenine nucleotide, substantial DNA binding by TnsC was observed in the presence of ATP, dATP and ATP-'y-S ( Figure 5 , panel A). We infer that the retention of DNA by the filter reflects DNA binding to TnsC because the DNA binding activity cofraconates with TnsC polypeptide when TnsC is sedinented trugh a sucrose grdient (Figure 3 , panels A & C). We note that in this experiment,, the substrate DNA was non-specific, i.e. lacked either auTn7or Tn7 end sequences. We have been unable to detect any preferential interaction of Tn7 with DNAs containing Tn7 tansposition sequences; we observed no significant differences in the amount of TnsC required for maximal binding of DNAs containing or lacking Tn7 sequences (data not shown).
These experiments show that TnsC can form a trnay complex with DNA and the adenine nucleotides ATP, dATP and ATP-yS (and also AMP-PNP, data not shown) However, not all nucleotides that can bind to TnsC support the formation of such a ternary complex with DNA. No binding of DNA to TnsC was observed in the presence of ADP or AMP ( Figure 5 , panel A) although these nucleotides can interact with TnsC ( Figure 3 ). We also found that ATP and ATP-'y-S differ considerably in their ability to form a ternary complex with TnsC and DNA as evaluated by the concentration of TnsC required for maximal DNA binding in the presence of each of these nucleotides: ATP--y-S appears to be a better effector of TnsC bining to DNA than does ATP ( Figure 5, panel B) . AMP-PNP is also a better cofactor than ATP for TnsC binding to DNA (data not shown). That the usually non-hydrolyzable analogues AMP-PNP and ATP-y-S are better effectors than ATP and that ADP was unable to support DNA binding suggests that TnsC may have an ATPase activity.
We have been unable to detect such an activity altough it should be noted that our assays would not have d a single round (i.e. stoichiometric) hydrolysis of ATP by TnsC (data not shown).
We also examined the effect of MgCl2 on the binding of DNA to TnsC. The DNA binding assays described above contained ATPyS ATP r~~~~~0 low MgCl2 (<0.04 mM). The presence of high MgCl2 has a dramatic effect on DNA binding to TnsC in the presence of ATP; addition of 1 mM MgCl2 decreased DNA binding more than 15-fold ( Figure 5 , panel C). The effect of high MgCl2 in the presence of ATP-'y-S is less dramatic; DNA binding was decreased only about 2-fold in the presence of 8 mM MgCl2. One attractive explanation for these results is that the presence of MgCl2 provokes ATP hydrolysis which results in the dissociation of TnsC from DNA; a reasonable hypothesis is that no hydrolysis of ATP--y-S occurs and that TnsC remains bound to DNA in the presence of this analogue even in the presence of MgCl2.
DISCUSSION
We present here a simple procedure for purification of the Tn7-encoded transposition protein TnsC. This procedure allows the rapid preparation of nearly homogenous protein in amounts sufficient for most biochemical studies. A major result from our characterization of purified TnsC is the demonstration that this protein participates directly in and is required for Tn7 transposition. We have determined that purified TnsC protein can be substituted for the extract from tnsC-containing cells which is an essential component in a cell-free Tn7 transposition system.
The direct participation of TnsC protein in transposition explains the requirement for the tnsC gene in Tn7 transposition in vivo (7) (8) (9) . Other Tns proteins also participate directly in Tn7 transposition: TnsB is a sequence-specific DNA binding protein that interacts with the ends of Tn7 (20, 21, 22) , TnsD is a sequence-specific DNA binding protein that recognizes attTn7 (23, K.Kubo and N.L.Craig, in preparation) and TnsA has a direct but as yet undefined role in Tn7 transposition (R.Bainton, K.Kubo and N.L.Craig, in preparation).
We have identified two activities of TnsC that are likely intimately related to its role(s) in transposition. We have found that TnsC interacts specifically with ATP and other adenine nucleotides including the generally non-hydrolyzable ATP analogues AMP-PNP and ATP-'y-S, dATP, ADP and AMP. The specific interaction of TnsC with ATP was not unexpected as the amino acid sequence of TnsC as predicted from the tnsC sequence contains a consensus nucleotide binding site sequence (13, 14) .
We have also determined that TnsC is a DNA binding protein. The interaction of TnsC with DNA appears to be sequenceindependent; in particular, no special interaction of TnsC with DNA sequences we know to be involved in Tn7 transposition was discernible. The ability of TnsC to bind DNA was highly influenced by the presence of particular nucleotide cofactors. Little binding of TnsC to DNA was detected in the presence of ADP and AMP, adenine nucleotides we have established do bind to TnsC, or in the absence of nucleotide. By contrast, TnsC binding to DNA was strongly and specifically stimulated by the presence of ATP and, to a lesser extent, dATP. Notably, even more effective binding of TnsC to DNA was observed in the the presence of generally non-hydrolyzable ATP analogues AMP-PNP and ATP--y-S.
The overall picture of TnsC that has emerged from this work is of an essential transposition protein whose interaction with DNA is modulated by adenine nucleotide cofactors; TnsC binds to DNA in the presence of ATP but is unable to bind to DNA in the presence of ADP. It is attractive to speculate that TnsC such an activity. Whether such hydrolysis may occur at a stoichiometric level or may by modulated by other components of the transposition machinery are interesting questions for future studies.
The proposed amino acid sequence of TnsC has been compared to protein data bases (14) . Other than the region proposed to be directly involved in ATP binding, no other extensive structural similarities between TnsC and other proteins have been identified except a modest similarity to MalT, an E. coli ATP-dependent transcriptional activator (24, 25) . In the presence of ATP, MalT forms a higher-order nucleoprotein complex with specific DNA regions and it is likely that this complex mediates transcriptional activation by an as yet undefined mechanism (25) .
Another site-specific recombination reaction, transposition of bacteriophage Mu also involves a protein, MuB, that can interact with both ATP and DNA (26, 27) . Non-specific binding of MuB to DNA is stimulated by ATP; upon ATP hydrolysis, the protein dissociates from DNA. One role of MuB is to mediate the interaction of the transposon ends, and their cognate binding protein MuA, with the target DNA. The modulation of MuB interaction with target DNA by ATP hydrolysis, which can be influenced by MuA protein, plays a critical role in target DNA selection (28) .
What role does TnsC play in Tn7 transposition? We are attracted to the view that TnsC interacts with both ATP and substrate DNA during recombination. Other experiments suggest that the interaction of TnsC with target DNA plays a critical role in recombination. In particular, the efficiency of recombination is greatly enhanced by incubation of a mixture of TnsC, ATP, TnsD and the target aitTn7 DNA prior to the addition of the other reactions components (Bainton, R., Kubo, K. and N.L.Craig, in preparation). It is notable that little recombination is observed when this 'preincubation' mixture contains MgAc (10), a condition that our observations here suggest promotes the dissociation of TnsC from DNA. The finding that effficient transposition does occur when MdAc is added to recombination mixtures after the preincubation step suggests that a key event during this step is the stable attachment of TnsC to DNA . We have also found that the substitution of ATP--y-S or AMP-PNP for ATP has a profound impact on target selection during transposition (Bainton, R., Kubo, K. and N.L. Craig, in preparation); thus we imagine that the modulation of the interaction of TnsC with DNA by adenine nucleotides plays a critical role in recombination.
A large number of proteins interact with both ATP (or another nucleotide) and nucleic acids and are involved in complex transactions such as DNA replication, recombination, transcription, RNA processing and translation. Although diverse in their mechanisms and biological roles, two features which unify many of these processes are that they generally involve multiple proteins which assemble in an ordered fashion and they also often involve changes in the structure of nucleic acids. An attractive idea is that ATP hydrolysis may play a critical role in directing the ordered and appropriate assembly of particular nucleoprotein complexes. Interaction of proteins with alternative nucleotide cofactors could mediate changes in protein conformation and thereby mediate changes in nucleoprotein structure. TnsC is likely a component of an elaborate recombination machine that contains multiple proteins and the DNA recombination substrates (10) . We speculate that TnsC, through conformational changes and interactions with DNA as determined by adenine nucleotides, plays a central role in the functional assembly of such a complex. may hydrolyze ATP but we have been unable to directly detect
